Nickel-iron layered double hydroxide (NiFe-LDH) nanosheets have shown optimal oxygen evolution reaction (OER) performance; however, the role of the intercalated ions in the OER activity remains unclear. In this work, we show that the activity of the NiFe-LDHs can be tailored by the intercalated anions with different redox potentials. The intercalation of anions with low redox potential (high reducing ability), such as hypophosphites, leads to NiFe-LDHs with low OER overpotential of 240 mV and a small Tafel slope of 36.9 mV/dec, whereas NiFe-LDHs intercalated with anions of high redox potential (low reducing ability), such as fluorion, show a high overpotential of 370 mV and a Tafel slope of 80.8 mV/dec. The OER activity shows a surprising linear correlation with the standard redox potential. Density functional theory calculations and X-ray photoelectron spectroscopy analysis indicate that the intercalated anions alter the electronic structure of metal atoms which exposed at the surface. Anions with low standard redox potential and strong reducing ability transfer more electrons to the hydroxide layers. This increases the electron density of the surface metal sites and stabilizes their high-valence states, whose formation is known as the critical step prior to the OER process.
Introduction
The oxygen evolution reaction (OER) plays an important role in many energy conversion systems such as electrolyzers and metal-air batteries [1] [2] [3] . The identification of highly efficient OER catalysts has Nano Res. 2018, 11 (3) : [1358] [1359] [1360] [1361] [1362] [1363] [1364] [1365] [1366] [1367] [1368] been the subject of a considerable amount of research in recent years . Although noble-metal oxides (e.g., IrO 2 and RuO 2 ) and their transition metal-doped counterparts are the state-of-the-art OER electrocatalysts, large-scale practical applications of these compounds are severely limited by their limited availability, high cost, and poor stability [25, 26] .
Among different reported OER catalysts, NiFelayered double hydroxides (NiFe-LDHs) with highly tunable compositions and structures represent a promising alternative as OER catalysts in basic solutions, owing to their outstanding performance and lower costs compared to noble-metal oxides [9, [27] [28] [29] [30] . The recent improved understanding of the nature of LDHbased materials has led to the design and synthesis of related high-performance catalysts [31] [32] [33] [34] . The Ni:Fe ratio has been demonstrated to significantly affect the OER activity of these materials [35] [36] [37] . For a given Ni:Fe ratio, a smaller size and a lower crystallinity are believed to be beneficial for the OER performance of LDHs, by exposing a larger number of active sites [27, 38, 39] . Moreover, it has been reported that the exfoliation and exposure of specific lattice planes also influence the OER performance of the NiFe-LDHs [29, [40] [41] [42] . These previous reports mainly focused on the laminate composition, crystallinity, and exfoliation degree of the NiFe-LDHs. Only few studies focused on the introduction of intercalated anions in the LDHs laminates; this process has the potential to modify the electron density of metal sites in the laminates and ultimately provide a new route for tuning the OER performance of the NiFe-LDHs [43, 44] . A recent study by Müller et al [44] showed that the OER activity of the NiFe-LDHs increases with the basicity of the intercalated anions such as BF 4 − , Cl − , SO 4 2− , and so on. In this study, we seek to find a universal relationship between the standard redox potential of 16 different anion-intercalated NiFe-LDHs and their OER catalytic activity. Anion-intercalated NiFe-LDHs were prepared by a co-precipitation process, and the OER performance of the as-prepared materials was tested. The results highlight a correlation between the OER activity of the NiFe-LDHs and the redox potential of the intercalated anions, which suggests that anions with different reducing ability can be used to modify the electron density of surface metal sites in NiFe-LDHs. We confirmed this possibility by detailed electrochemical and X-ray photoelectron spectroscopy (XPS) characterizations combined with density functional theory (DFT) calculations, and attributed the enhanced OER activity of the intercalated compounds to the electron donation from the reducing anions to the laminates. This study provides a suitable route for the future design of catalysts with high OER efficiency.
Results and discussion

X-ray diffraction (XRD) analysis
The XRD patterns of NiFe-LDHs intercalated with different anions were collected and used to determine their crystalline phases and basal spacings using Bragg's law (Fig. 1) .
As shown in Figs. 1(a)-1(d), all as-prepared NiFeLDHs present the characteristic diffraction peaks of layered double hydroxides, which indicates that these NiFe-LDHs have similar structures. The 2 value of the (003) reflection ranges from 10.6° to 11.5°, corresponding to basal spacings of the NiFe-LDHs structures between 0.85 and 0.76 nm. Taking the phosphorus oxoanion-intercalated NiFe-LDHs as reference ( Fig. 1(d) )-based LDHs [44] also indicates the successful intercalation of the anions in the NiFe-LDH interlayer. In addition, the diffraction peaks around 35° and 60° in the XRD patterns originate from the in-plane (100) and (110) reflections of the NiFe-LDHs and further confirm the formation of two-dimensional LDH nanosheets.
Fourier-transform infrared (FTIR) spectra
Based on the XRD results discussed above, FTIR spectra was collected to investigate the identity of the interlayer anions in the NiFe-LDHs (Fig. 2) . (Fig. 2(b) ). )-LDH in Fig. 2(c) , the stretching vibration of alkali carbonates around 1,400 cm −1 [48] was negligible in the other NiFe-LDHs. An appropriate pretreatment can effectively prevent intercalation of CO 3 2− in the interlayer of NiFe-LDHs, whereas the FTIR characterization confirms the presence of all other anions in the corresponding NiFe-LDHs The combination of the present FTIR results with the XRD analysis reported in the previous section confirms the successful preparation of NiFe-LDHs intercalated by different anions.
Morphology measurements
The morphology of the prepared NiFe-LDHs was characterized by transmission electron microscopy (TEM), and the results ( Fig. 3 and Figs. S1-S3 in the Electronic Supplementary Material (ESM)) highlight the nanosheet structure of each NiFe-(X)-LDH sample, where X stands for each different intercalated anion, respectively. All present LDHs have similar morphology and extent of exfoliation, and a size distribution approximately 50 nm wide, as shown in Fig. 3 and Figs. S1-S3 in the ESM. Taking into account the XRD results presented in Section 2.1 and the TEM data of this section, we conclude that the crystallinity, thickness, and size of the as-prepared LDHs have a negligible effect on their OER performances.
Furthermore, the composition of the LDH samples was accurately measured. Based on the stoichiometry data in Table S1 in the ESM, we can infer that the anionic content is close to 25% of the total metal amount, with a standard deviation of less than 20%; therefore, the effect of the amount of intercalated anions on the performances of the LDHs can also be considered negligible.
Electrocatalytic OER activity
The electrocatalytic OER activity of the prepared NiFe-LDHs was further characterized, and the corresponding polarization curves and Tafel plots are shown in Fig. 4 and Fig. S4 in the ESM.
The electrocatalytic OER activity of the as-prepared LDHs materials was investigated in alkaline solutions (0.1 M KOH), using a standard three-electrode system. In each series of NiFe-(X)-LDHs materials (intercalated with chlorine oxoanions, sulfur oxoanions, phosphorus oxoanions, and halogens), we observed a gradual increase in the onset potential with increasing redox potential of the anions. For example, the onset potentials in the chlorine oxoanion series, NiFe- )-LDHs show the lowest onset potential (1.45 V) and a current density decay < 10% after a 34,000 s test (inset of Fig. 4(d) ). The onset potential of the NiFe-LDHs at 1 mA/cm 2 is plotted in Fig. 5 (a) as a function of the standard redox potential (representative of the reducing ability) for each anion. Figure 5 (a) clearly reveals a linear relationship between the onset potential of the NiFe-LDHs and the standard redox potentials of the intercalated anion (see Table S2 in the ESM for the corresponding half reactions) [49, 50].
As mentioned above, the three main factors affecting the intrinsic OER activity of the NiFe-LDHs are the Ni:Fe metal ions ratio, the crystallinity of the NiFeLDHs, and the electron density on the metal sites in the NiFe-LDH laminates. We showed above that the Ni:Fe metal ions ratio, size, and crystallinity of the as-prepared NiFe-LDHs are similar regardless of the specific intercalated anions. In addition, we measured the electrochemical double-layer capacitance (C dl ) of each NiFe-LDH to expose differences in the electrochemical surface area (ECSA) [51] . Two methods have been proposed to determine the C dl of a catalyst: Cyclic voltammetry and AC impedance spectroscopy [52] [53] [54] . Since metal oxides or hydroxides are less electroconductive and have a potential-dependent conductivity [52] , we added sufficient amounts of conductive carbon in the inks to ensure that their C dl could be accurately determined by cyclic voltammetry. The samples tested in this study show suitable conductivity even in the uncharged state. We further measured the C dl of a glassy carbon (GC) electrode by cyclic voltammetry (25 μF/cm 2 ), which was subtracted from the C dl of the NiFe-LDHs sample (~ 2,000 μF/cm Nano Res. 2018, 11(3): 1358-1368 relationship between the capacitance-corrected onset potentials measured at 1 mA/cm 2 and the standard redox potentials of the examined anions, plotted in Fig. 5(b) , shows a similar trend to the plot in Fig. 5(a) [44] showed that the OER performances of NiFe-LDHs are linked to the pKa of the conjugate acid of the intercalated anions; however, in our case we found that while HF and HNO 2 It is well known that the electronic structure of metal atoms (especially high-valence metals) exposed at the surface plays a critical role in the OER activity [55, 56] . The different OER activities observed for the present NiFe-LDHs might originate from the difference in the electron density of the metal sites in the NiFe-LDHs laminates, especially the difference in the stability of high-valence states, which is modified by the intercalated anions. Figure 6 illustrates the OER mechanism (Eqs. (1)- (4), where M stands for the catalytically active sites) of the NiFe-LDHs.
Equations (1)- (4) show that the OER process involves stepwise deprotonation steps (Eqs. (2) and (4)), which also represent the high-activation energy or speedlimiting steps [57, 58] . As the deprotonation proceeded, higher-valence M states were formed (or maintained). Therefore, an environment that can help to protect or maintain high-valence states would be beneficial for lowering the activation energy and decreasing the overpotential. In other words, increasing the electrons shielding effect of the metal sites in LDHs would lead to a lower initial valence of the M site, and to more stable high-valence M states when charged, and consequently to an enhancement in the OER performance [59, 60] : This is the basic principle behind the activity of the intercalated anions. The introduction of anions with stronger reducing ability led to more electrons being transferred to the surface metal atoms, stabilizing their high-valence states and increasing the OER activity [59, 61] . Using phosphate-intercalated LDH as an example (also in upper part of Fig. 6 ), electron transfer from phosphite to the Ni or Fe metals takes place prior to the OER and alters the electron density of the metals, leading to the formation of electron-rich metal sites. These electron-rich metals could then be easily oxidized to higher-valence states in the OER process, reducing the G OOH (Gibbs free energy of -OOH) of Eq. (3), and Nano Res. 2018, 11(3): 1358-1368 the easily formed higher-valence metal centers can then act as active sites of Ni 1−x Fe x OOH [62] . By transferring more electrons to Fe, the onset potential of NiFe-(HPO 3 2− )-LDH is lowered and its OER performance is improved.
Moreover, the potentiostatic stability tests of the as-prepared NiFe-LDHs in Fig. S12 in the ESM show that the more active catalysts also present acceptable stability. The current density drop is mainly attributed to the loss of active material during the release of O 2 bubbles. The intercalated anions were not replaced by OH − or oxidized, but steadily stored in the interlayer, which is consistent with previous observations [45] and Table S4 )-LDH before and after the OER process were revealed by inductively coupled plasma (ICP) emission spectra. This finding was further confirmed using XPS measurements and DFT calculations.
XPS measurements
XPS analysis was used to investigate the effect of anions with different redox potentials on the electron density of the metal sites in the LDHs. We measured the difference between the electron density on the original metal sites in the as-prepared NiFe-(CO 3 2− )-LDHs and on the metal sites in the materials intercalated with different anions. The non-metal atom content in the as-prepared NiFe-LDHs materials is quantitatively summarized in Table S1 in the ESM.
The Ni 2p and Fe 2p XPS spectra of NiFe-LDHs intercalated with different anions are displayed in Fig. 7 , and Figs. S13 and S14 in the ESM. In the case of the sulfur oxoanion-intercalated NiFe-LDHs, the Ni 2p 3 , a much higher amount of charge is transferred from the intercalated anions to Ni, leading to a negative shift of the Ni 2p 3/2 level and to a lower Ni valence state. The valence states of the Fe sites in sulfur oxoanion-intercalated NiFe-LDHs are illustrated in Fig. 7(b) . The Fe sites show similar trends to the Ni ones. The intercalation of anions with higher reducing ability in the interlayer of the NiFe-LDHs reduced the Fe valence in the corresponding sites. These results suggest that the intercalated anions significantly modify the electron density of the metal sites by inducing different amounts of transferred charge, and thus alter the OER activity of the corresponding NiFe-LDHs. Similar trends can also be found for the NiFe-LDHs intercalated with halogens, chlorine oxoanions, phosphorus oxoanions, and other anions (Figs. S13 and S14 in the ESM). In addition, the Ni, Fe, and S electronic structures of NiFe-(SO 3 2− )-LDH and NiFe-(S 2 O 8 2− )-LDH are almost unchanged after the OER process (Fig. S15 in the ESM) . This further demonstrates the long-term stability of the intercalated anions and metal sites. These results are also consistent with our previous report [45] .
Simulation results
DFT+U calculations and Bader charge analysis were carried out to further investigate the effects of charge transfer from anions to metal sites in the NiFe-LDHs [63] . The lattice parameters of the different NiFeLDHs are shown in Table S5 in the ESM, whereas the structures of NiFe-(Cl . As a result, the Ni and Fe oxidation states change and their binding energies decrease. These changes lead to highly active Ni and Fe sites, with lower onset potential and improved OER activity. These results further support the experimental observations and confirm that the valence state the metal sites and the OER activity of the NiFe-LDHs catalysts can be modified by varying the intercalated anions. In the case of the NiFe-based catalysts used in the OER process, the issue of which element (Ni or Fe) is the actual active species has been debated for a long time, and both sides have been supported by experiments and calculations [35, 64] . Based on Fig. 8 , the onset potential, binding energy, and Bader charge of Fe show a better correlation compared with those of Ni, implying that Fe plays a more important role than Ni in the OER. Upon intercalation by anions with strong reducing ability, the electron-rich Fe in NiFe-LDHs can be oxidized to higher valence states more easily; the high-valence states of Fe also possess better stability, thus boosting the OER catalytic performance of the NiFe-LDHs.
Conclusions
In summary, 16 anions with different reducing ability were intercalated in the interlayers of NiFe-LDHs by a co-precipitation process. The performances of the intercalated NiFe-(X)-LDHs as electrocatalysts for the oxygen evolution reaction were then investigated. Based on onset potential, Tafel slope, and OER current density measurements, NiFe-(H 2 PO 2 − )-LDHs and NiFe-(F − )-LDHs showed the best and worst OER catalytic activity, respectively. XPS analysis and DFT+U calculations revealed a linear relationship between reducing ability of intercalated anions, electron density of Ni and Fe sites, and OER activity of the corresponding NiFe-LDHs. We showed that intercalated anions with strong reducing ability modify the electronic structure of surface metal sites and significantly improve the performance of the NiFe-LDHs. Compared with Ni, Fe may play a more crucial role in the OER process; however, further work is required to determine the actual active sites. This study not only points to H 2 PO 2− -intercalated NiFe-LDHs as cost-effective, highly active, and durable OER electrocatalysts, but also provides a framework to design and synthesize more efficient electrocatalysts for future energy conversion devices.
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